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NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS 

RESEARCH  MEMORANDUM 

EFFECT  ON  THE  LOW-SPEED  AERODYNAMIC  CHARACTERISTICS  OF  A 
490  SWEPTBACK  WniG  HAVING  AN  ASPECT  RATIO  OF  5-T8  OF 
BLOWING  AIR  OVER  THE  TRAILING-EDGE  FLAP  AND  AILERON 
By  Edward  F.  Whittle,  Jr.,  and  Stanley  Lipson 

SUMMARY 


An  investigation  has  been  conducted  in  the  Langley  full-scale  tunnel 
to  determine  the  effects  on  the  aerodynamic  characteristics  of  a 49.1° 
sweptback  wing  of  blowing  a high-energy  stream  of  air  over  a trailing- 
edge  flap  and  an  aileron.  The  wing  configuration  was  investigated  with 
and  without  a slat  and  fences.  The  wing  had  an  aspect  ratio  of  3.78^  a 
taper  ratio  of  0.59>  and.  NACA  65AOO6  airfoil  sections  parallel  to  the 
plane  of  symmetry.  The  tests  were  conducted  at  Reynolds  numbers  of 

2.9  X 10^,  4.4  X 10^,  and  6.1  x 10^  corresponding  to  Mach  numbers  of  0.05; 
0.07;  and  0.10;  respectively. 

The  results  show  that  significant  increases  in  lift  coefficient  and 
an  improvement  in  aileron  effectiveness  may  be  obtained  by  the  blowing 
method  of  boundary- layer  control  on  a plain  flap  and  aileron . 


INTRODUCTION 


The  reduced  lift  capabilities  of  conventional  high-lift  devices  when 
applied  to  sweptback-wing  aircraft  constitute  a severe  low-speed  perform- 
ance problem.  Means  for  improving  the  maximum  lift  capabilities  of  the 
sweptback  wing  are  being  investigated  extensively  by  the  National  Advisory 
Committee  for  Aeronautics . 

One  method  now  receiving  attention  is  that  of  blowing  a high-velocity 
(that  is,  a velocity  that  is  high  relative  to  the  magnitude  of  the  free- 
stream  velocity)  jet  of  air  over  the  trailing-edge  flap  with  the  primary 
aim  of  adding  sufficient  energy  locally  as  to  either  eliminate  or  at  least 
reduce  the  tendency  for  flow  separation  over  the  flap.  This  method  of 
boundary- layer  control  appears  to  be  especially  attractive  for  applica- 
tion to  jet-powered  aircraft  inasmuch  as  a high-pressure  source  of  air 
would  be  readily  available. 
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Early  German  two-dimensional  tests,  such  as  those  reported  in  ref- 
erence 1,  indicated  that  large  increases  in  lift  coefficient  could  be 
obtained  by  blowing  a high-energy  stream  of  air  over  a trailing-edge  flap. 
A French  Investigation  (ref.  2)  extended  the  blowing  technique  tc  applica- 
tion on  a moderately  sweptback  wing  (31*5°)  conjunction  with  suction 
at  about  the  midchord  of  the  wing.  In  these  French  tests,  approximately 
the  rear  percent  of  the  wing  chord  was  divided  into  two  chordwise  seg- 
ments which  could  be  deflected.  As  in  the  case  of  the  earlier  two- 
dimensional  tests,  the  results  appeared  to  be  very  promising;  however, 
analysis  of  the  effects  due  to  blowing  is  necessarily  limited  since  only 
a few  tests  were  conducted  with  blowing  alone  over  the  trailing-edge  flap 
(zero  suction  at  the  midchord  of  the  wing). 

In  view  of  the  possibility,  then,  of  increasing  wing  lift  by  means 
of  blowing  over  the  trailing-edge  flap,  the  method  has  been  extended  to 
the  case  of  a highly  swept,  thin  wing.  Tests  have  been  conducted  in  the 
Langley  full-scale  tunnel  on  a semispan  1*-9.1°  sweptback  wing  having 
NACA  65AOO6  airfoil  sections,  an  aspect  ratio  of  5*T8>  and  a taper  ratio 
of  0.59*  Preliminary  tests  were  conducted  with  a low-capacity  blower 
and  are  presented  in  reference  3*  Because  of  the  very  low  pressure  rise 
and  quantity  of  flow  of  the  blower,  no  significant  results  were  obtained. 
The  investigation  reported  herein  is  a continuation  of  the  full-scale- 
tunnel  blowing  tests  but  with  a multistage,  large-flow-capacity  blower. 

The  tests  were  made  with  and  without  a slat  and  fences  installed  and 
with  and  without  blowing  over  a trailing-edge  flap  or  trailing-edge  flap 
and  aileron.  Tests  were  also  made  to  determine  the  rolling  effectiveness 
produced  by  blowing  air  over  the  aileron.  In  addition,  some  chordwise 
pressure  distributions  were  obtained  at  the  midspan  of  the  trailing-edge 
flap  in  order  to  study  the  load  change  that  occurred  as  a result  of  the 
blowing  method  of  boundary-layer  control. 

The  tests  were  mad(  at  Reynolds  numbers  of  2.9  x 10^,  4.4  x 10^, 
and  6.1  X 10^  corresponding  to  Mach  numbers  of  0.05^  0.07^  and  0.10, 
respectively. 


COEFFICIENTS  AND  SYMBOLS 


The  data  are  referred  to  the  wind  ax:es  with  the  origin  at  the  quarter- 
chord  point  of  the  mean  aerodynamic  chord.  The  data  have  been  reduced 
to  standard  NACA  nondlmensional  coefficients  which,  together  with  the 
symbols,  are  defined  as  follows: 


C,  lift  coefficient.  Twice  model  lift 

^ <IoS 
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^Lq^O  value  of  at  a = 0°  for  a given  configuration  minus 

value  of  Cl  at  a = 0°  for  basic  wing 


Ct_  raaximm  lift  coefficient 

■4nax 


value  of  ^ given  configuration  minus  value  of 

CLmny  for  basic  wing 


^Lb 


Cd 


value  of  Cl  for  a given  configuration  with  blowing  at  a 
given  angle  of  attack  minus  value  of  Cl  for  the  same  con- 
figuration without  blowing  at  the  same  angle  of  attack 

drag  coefficient,  Twice  mod^,.  drag 

loS 


Cjh  pitching-moment  coefficient  about  quarter-chord  point  of  mean 

j 4 i,  j Twice  model  pitching  moment 
aerodynamic  chord,  — 

QoSc 


C|  rolling -moment  coefficient, 

qoSb 


duct  pressure  coefficient. 


cq 


*^Cf 


'nf 


flow  coefficient. 


Q 

VqS' 


momentum  coefficient  in  plane  perpendicular  to  blowing  slot. 


«PjVj/<3oS' 


flap  section  chord-force  coefficient. 


flap  section  normal-force  coefficient. 
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flap  section  hinge-moment  coefficient  about  leading  edge  of 

flap,  J 

^0  c f \c  f ^ 


wing  surface  presstire  coefficient. 


P - Pq 
^o 


Pr 


resultant  wing  surface  pressure  coefficient,  Pupper  “ ^lower 


b 

c 


twice  span  of  semispan  wing  model,  ft 

local  wing  chord  measured  parallel  to  plane  of  symmetry,  ft 

local  wing  chord  measured  perpendicular  to  0.50c'  line  (midchord 
line  of  wing  in  unswept  position),  ft  (see  fig.  1) 


mean  aerodynamic  chord,  — 


-b/2 


0 


c^  dy,  ft 


'av 


s 

t'. 


'-max 


( 


X f ’ 

\c'fy 


cp 


average  chord  of  wing  area  S'  affected  by  the  blowing  air, 
measxnred  in  streamwise  direction,  ft 

local  trailing-edge  flap  chord  measured  perpendicular  to 
0.50c'  line  (see  fig.  l) , ft 

local  slat  chord  measured  perpendicular  to  0.50c'  line  (see 
fig.  1),  ft 

blowing-slot  gap,  ft 

flap  section  thickness  at  variovis  chordwise  stations  on  chord 
perpendicular  to  0.50c'  line,  ft 

maximum  flap  section  thickness  on  chord  perpendicular  to 
0.50c'  line,  ft 

chordwise  distance  from  leading  edge  of  c'^,  ft 


chordwise  location  from  leading  edge  of  c'f  of  section 
center  of  pressure 
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^cp 

P 

Hd 

Po 

S 

s' 

R 

Vo 

Po 

Pj 

P 

Q 

a 

6f 


spanvlse  location  of  wing  center  of  pressure,  measured  from 
and  perpendicular  to  plane  of  symmetry,  2y/b 

local  static  pressure,  Ib/sq  ft 

duct  total  pressure,  Ib/sq  ft 

free-stream  static  pressure,  Ib/sq  ft 
free-stream  dynamic  pressure,  Ib/sq  ft 

twice  area  of  semispan  wing  model,  sq  ft 

twice  area  of  semispan  wing  model  affected  by  blowing 
air,  sq  ft 

PoVo^ 

Reynolds  number,  

P 

free-stream  velocity,  ft/sec 

jet  velocity  of  blowing  air  perpendicular  to  slot  exit,  ft/sec 

mass  density  of  free-stream  air,  slugs/cu  ft 

mass  density  of  blowing  air,  slugs/cu  ft 

coefficient  of  viscosity  of  air,  slugs/ft-sec 
twice  quantity  of  blowing  air,  cu  ft/sec 
angle  of  attack,  deg 

flap  deflection  (relative  to  wing-chord  line)  measured  per- 
pendicular to  0.50c'  line,  deg 

aileron  deflection  (relative  to  wing-chord  line)  measured 
perpendicular  to  0.50c'  line,  deg 
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MODEL  AND  APPARATUS 


Model.-  The  geometric  characteristics  and  principal  dimensions  of 
the  semispan  wing  are  given  in  figiire  1 and  details  of  the  slat,  fences, 
and  flap  are  given  in  figure  2.  A photograph  of  the  wing  mounted  on  the 
reflection  plane  in  the  Langley  full-scale  tunnel  is  given  as  figure  J 
and  a description  of  the  reflection  plane  is  given  in  reference  4.  Tlxe 
wing  has  49.1°  of  sweephack  at  the  leading  edge,  an  aspect  ratio  of  3*78, 
a taper  ratio  of  0.59>  and  no  geometric  twist  or  dihedral.  The  airfoil 
sections  parallel  to  the  plane  of  symmetry  are  NACA  65AOO6  sections  and 
the  wing  tip  is  half  of  a body  of  revolution  based  on  the  same  airfoil 
section  ordinates . 

The  high-lift  and  stall-control  devices  used  (see  figs.  1 and  2) 
are:  a 0.266c'  inboard  trailing-edge  flap  having  a span  of  0.469b/2; 

a 0.266c'  flap-type  aileron,  which  only  co\ild  be  deflected  down,  located 
immediately  outboard  of  the  flap  and  having  a span  of  0.234b/2;  a 0.15c' 
leading-edge  slat  having  a span  of  0.500b/2,  measured  inboard  from  the 
wing  tip;  and  chordwise  fences  having  a height  of  0.06c  and  located  at 
spanwise  stations,  meas\ored  outboard  from  the  plane  of  symmetry,  of  0.6b/2 
or  0.6b/2  and  0.8b/2. 

The  nose  and  upper  surface  of  the  slat  have  the  ordinates  of  the 
wing  airfoil.  The  slat  is  not  an  Integral  part  of  the  wing  but  is  mounted 
directly  onto  the  unmodified  leading  edge  of  the  basic  wing  with  the  slat 
brackets  alined  normal  to  the  leading  edge  of  the  wing.  The  fences  are 
made  of  l/4-inch  plywood  and  are  moxaited  parallel  to  the  plane  of 
symmetry. 

Just  ahead  of  the  trailing-edge  flap  and  aileron  is  a slot  (fig.  2) 
which  opens  into  the  iQjper  portion  of  the  gap  between  the  airfoil  and 
the  flap  and  aileron.  The  slot  is  used  for  blowing  a high-energy  stream 
of  air  over  the  upper  surface  of  the  flap  and  aileron.  The  wing  area 
affected  by  blowing  over  the  flap  is  76. h square  feet  and  the  wing  area 
affected  by  blowing  over  the  aileron  and  flap  is  IO8.O  square  feet. 

At  the  midspan  of  the  flap  a thin  strip  of  belt  pressure  tubing  was 
glued  to  the  surface  of  the  flap  i>eri>endicular  to  the  0.50c'  line  (see 
fig.  1)  at  one  spanwise  station  so  that  flap  chordwise  pressure  distri- 
butions could  be  obtained  for  several  of  the  configurations  tested. 

Blower -duct  Ing  apparatus . - A modified  compressor  of  a Jet  engine, 
driven  through  a 2.6  to  1 ratio  gearbox  by  two  200-horsepower  electric 
motors  in  tandem,  was  used  as  the  punping  sovcrce  for  the  boundary-layer- 
control  air.  The  compressor  was  modified  by  removing  three  of  the  six 
stages  in  order  to  reduce  the  pressure  rise  and  horsepower  requirements 
for  driving  the  conpressor  at  hi^  flow  quantities.  The  three  remaining 
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stages  of  the  modified  compressor  produced  a pressure  rise  of  1.2  at  the 
maximum  compressor  speed  tested.  A calibrated  entrance  bell,  Installed 
at  the  con^jressor  inlet,  vas  \ased  to  determine  the  mass  flow  of  air.  A 
shielded  thermocoiqole  and  a shielded  total-pressure  tube  were  used  to 
obtain  the  ten5>erature  and  pressure  of  the  boundary- layer-control  air  at 
the  wing  root.  These  ten^jerature  and  pressure  measurements  were  used 
in  conjunction  with  the  known  flow  weight  in  order  to  determine  the  flow 
quantity  of  the  boundary- layer-control  air. 

The  blower  is  connected  to  the  blowing  slot  ahead  of  the  flap  and 
aileron  by  a duct  inside  the  wing  which  extends  through  the  reflection 
plane  at  the  wing  root.  A mercury  seal  was  xised  beneath  the  reflection 
plane  between  the  wing  duct  and  the  stationary  blower  duct  in  order  to 
prevent  transmission  of  forces  from  the  stationary  duct  to  the  wind- 
tunnel  scale  system.  The  blowing-slot  gap  could  be  varied  by  manually 
adjvisting  a spanwise  series  of  throttling  plates.  As  a result  of 
springing  of  the  wing  i^)per  surface  at  the  blowing  slot,  the  blowing-slot 
gap,  with  the  blower  operating  at  9>600  rpm,  was  about  0.004c  when  the 
flap  was  deflected  and  about  0.003c  when  the  flap  and  aileron  were  deflec- 
ted. A rake  of  shielded  total-presstire  tubes  was  en^iloyed  to  check  the 
resulting  velocity  distribution  along  the  blowing  slot.  The  velocity 
of  the  air  exiting  from  and  perpendicular  to  the  blowing  slot  ahead  of 
the  flap  (aileron  blowing  slot  sealed)  varied  from  14^15  ft/sec  at  the  out- 
board end  of  the  flap  to  U50  ft/sec  at  the  inboard  end  of  the  flap  to 
give  an  integrated  average  velocity  of  425  ft/sec.  The  velocity  of  the 
air  exiting  from  and  perpendicular  to  the  blowing  slot  ahead  of  the 
aileron  and  flap  varied  from  388  ft/sec  at  the  outboard  end  of  the  aileron 
to  448  ft/sec  at  the  inboard  end  of  the  flap  to  give  an  integrated  average 
velocity  of  404  ft/sec.  The  largest  variation  occurred  over  about  the 
Inboard  30  percent  of  the  flap  span,  with  the  highest  velocity  at  the 
very  inboard  end  of  the  flap. 


TESTS,  CORRECTIONS,  AND  DATA  PRESENTATION 


Tests.-  An  index  of  the  test  conditions  and  configurations  tested 
is  given  in  table  I.  Data  were  obtained  through  an  angle-of-attack  range 
from  approximately  -4°  to  31°  • Force  measurements  were  made  to  determine 
the  lift,  drag,  pitching  moment,  and  spanwise  center-of -pressure  varia- 
tion of  the  basic  wing  and  the  wing  with  various  combinations  of  the 
high- lift  and  stall-control  devices  without  and  with  blowing  a high- 
energy  stream  of  air  over  the  flap  or  flap  and  aileron.  The  rolling- 
moment  characteristics  of  the  aileron  were  determined  with  the  trailing- 
edge  flap  neutral  and  deflected,  and  with  and  without  blowing.  With 
blowing,  the  flow  coefficient  Cq  was  varied  by  varying  either  blower 

rotational  speed  or  tunnel  velocity. 
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Chordwise  pressvure  distributions  were  obtained  on  the  trailing-edge 
flap  at  the  midspan  station  for  several  test  conditions.  Flow  stvidies, 
using  woolen  tufts  attached  to  the  upper  surface  of  the  wing,  were  made 
for  several  of  the  wing  configurations.  The  tests  were  made  at  Reynolds 
nvimbers  of  2.9  X 106,  4.4  X lo6,  and  6.1  x 10^  corresponding  to  Mach 
numbers  of  0.05>  0.07>  and  0.10,  respectively. 

Corrections  .«■  The  data  have  been  corrected  for  airstream  misaline- 
ment,  blocking  effects,  and  Jet-bomdary  effects.  The  Jet-boundary 
corrections  follow  the  method  outlined  in  reference  5 ^or  semispan  wings. 
The  rolling-moment  correction  for  the  effects  of  the  reflection  plane, 
as  discxissed  in  reference  4,  was  obtained  from  unpublished  results  based 
on  the  methods  of  references  6 and  7. 

Presentation  of  drag  data.-  In  comparing  the  drag  characteristics 
of  a wing  employing  boundary- layer  control  by  blowing  with  the  drag  char- 
acteristics of  a wing  not  en^jloying  boundary- layer  control,  account  must 
be  taken  of  the  following  three  increments: 

(1)  Aerodynamic  drag  of  the  wing -flap  arremgement  (including  the 
thrust  effect  of  the  blowing  air) . 

(2)  Air  intake  and  duct  drag  due  to  ducting  the  free-stream  air  to 
the  boimdary- layer  control  pump. 

(5)  Brag  equivalent  of  the  pump  horsepower  needed  to  produce  the 
required  quantity  of  boundary-layer-control  air  and  pressure  rise  at  the 
blowing  slot. 

The  drag  coefficients  presented  herein  represent  only  the  first  drag 
Increment  mentioned  aboAre.  The  drag  data  are  presented  in  this  manner 
because  Increments  (2)  and  (5)  would  vary  with  any  specific  airplane- 
duct  and  blowing-slot  arrangement  under  consideration.  Drag  increment 
(5)  may  be  found  from  CpCq.  Since  the  latter  two  drag  increments  have 

been  neglected,  the  aerodynamic  drag  data  presented  often  have  a negative 
value  at  low  angles  of  attack  and  high  values  of  Cq  inasmuch  as  the 

thrust  due  to  blowing  air  over  the  flap  is  larger  than  the  drag  of  the 
wing  configviratlon. 


RESULTS  AND  DISCUSSION 
Presentation  of  Results 


The  basic  data  are  presented  in  figures  4 to  17,  and  figures  l8 
to  21  present  a summary  of  the  more  significant  resAtlts.  Figure  22 
illustrates  the  variation  of  obtained  with  Cq  for  the  subject  wing. 
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A wide  range  of  vadvies  of  the  momentxim  coefficient  cotold  be 

obtained  dxirlng  this  investigation  only  by  using  large  values  of  Cq 

and  blowing-slot  gap,  since  the  compressor  and  power  available  for  blowing 
limited  the  available  pressure  rise  and  thus  restricted  this  investiga- 
tion to  testing  at  moderate  values  of  blowing-slot  exiting  velocities. 

Even  though  the  maximum  valioes  of  Cq  may  be  unrealistically  high,  it 

is  felt  that  the  effects  obtained  are  indicative  of  those  that  would  be 
obtained  at  similar  values  of  produced  by  combining  high  blowing- 

slot  exiting  velocities  with  low  flow  rates  typical  of  bleed  systems 
having  high  pressure  and  small  mass  flow  that  are  currently  adapted  from 

S Vj 

turbo  Jet -engine  installations . Since  — , it  may  be  seen  that  for 

^o 

any  given  combination  of  and  Cq  the  ratio  Vj^Vq  is  fixed.  For 

this  fixed  ratio  of  Vj^Vq,  then,  there  is  some  value  of  Vq  which,  if 
exceeded,  will  require  a supersonic  Vj.  The  most  critical  Cq  - C|^ 
combination  tested  herein  was  the  case  of  Cq  = 0.042  and  Cp^  = 0.68 

for  which  condition  the  limiting  value  of  Vq  would  be  a Mach  number 

of  0.12.  Therefore,  for  landing  or  take-off  speeds  above  a Mach  number 
of  0.12,  a strpersonic  blowing  Jet  would  be  required  to  obtain  this  afore- 
mentioned Cq  - Cp  combination.  It  is  of  interest  to  note  that,  for 

the  subject  wing,  the  required  blowing-slot  presstire  coefficient  Cp 

could  be  accvirately  estimated  by  the  method  of  reference  8 which  indicates 
that  Cp  for  a blowing  arrangement  of  the  type  tested  may  be  considered 

as  being  approximately  equal  to  The  values  of  Cp  computed 

by  this  simple  relationship  are  l6,  54,  and  66  as  compared  to  measured 
values  of  15,  51,  and  70  for  the  case  of  the  flap  deflected  55°  and 
corresponding  values  of  Cq  of  0.02,  0.05,  and  0.04. 


Lift  Characteristics 

A summary  of  the  variation  of  ^Lq_q  ®nd  flow  coef 

ficient  Cq  and  momentum  coefficient  Cp  is  presented  in  figures  20 
and  21,  respectively. 
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With  the  slat  and  fences  Installed,  the  maximum- lift  gains  obtained 
for  the  0.47b/2  flap  deflected  53°  and  the  0.70b/2  flap  (that  is,  flap 
pitas  aileron)  deflected  53°  are  as  follows: 


Flap  span, 
b/2 

"^0 

Cq 

0.47 

0.39 

0.12 

■1 

0 

.94 

.63 

.68 

.70 

.46 

.16 

0 

0 

1.14 

.68 

.030 

.56 

The  Increase  in  obtained  by  applying  suction  on  a flap  may  be 

attributed  to  the  increased  circoilation  around  the  wing  associated  with 
alleviation  of  separation  on  the  flap.  When  applying  suction  to  a flap, 
then,  the  maximum  increase  in  Cj^  is  limited  to  that  associated  with 

obtaining  the  theoretical  flap  effectiveness.  By  blowing  a high-energy 
stream  of  air  over  a flap,  however,  the  maximum  increase  in  Cl  can  be 

greater  than  the  increase  associated  with  obtaining  the  theoretical  flap 
effectiveness . This  additional  increase  in  Cl  is  probably  associated 

with  (l)  for  a > 0°,  a lift  component  due  to  the  thrust  of  the  ejected 
air  and  (2)  an  increase  in  circulation  arooand  the  wing  due  to  a flow 
condition  simulating  a physical  extension  of  the  flap  chord  and  resulting 
from  the  momentum  of  the  ejected  air. 

It  was  of- interest  to  determine  whether  the  theoretical  lift  incre- 
ment for  a 0.47b/2  flap  deflected  53°  (44°  in  the  streamwise  direction) 
was  realized  by  blowing  air  o-ver  the  upper  surface  of  the  trailing-edge 
flap.  It  was  calculated,  by  means  of  reference  9,  that  the  theoretical 
lift  increment  was  O.7O,  and  this  lift  increment  was  obtained  during  the 
tests  for  a = 0°  at  C^  = 0.25  (Cq  = 0.025). 

The  results  presented  in  figure  21  show  that,  at  a given  value  of 
C^,  increasing  the  flap  deflection  from  45°  to  53°  produced  a small 

increase  in  but  actually  slightly  reduced  ^Lmax  ^1^ 

range  tested.  From  a study  of  certain  pitching -moment  data,  as  discussed 
in  the  section  on  "Pitching -Moment  Characteristics,"  it  is  believed  that, 
for  the  higher  values  of  Cq  and  flap  angle  the  blowing  air  was  not 

properly  impinging  on  the  upper  surface  of  the  flap.  It  may  well  be, 
then,  that  for  a flap  deflection  of  53°  a more  efficient  slot  arrange- 
ment would  not  only  have  resaalted  in  a higher  Ci^^y  than  was  obtained 
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at  6f  - *4-5°#  but  correspondingly,  the  theoretical  lift  increment  of  O.7O 
could  have  been  obtained  at  a value  of  C^  lower  than  0.25* 

For  the  53°  flap  deflection,  the  installation  of  a slat  and  fences 
had  no  effect  on  A^Xjot=0*  increase  in  espec  a y a 

higher  values  of  C^,  results  from  delaying  the  separation  over  the 
outboard  sections  to  a higher  value  of  0^.  These  results  indicate  that 

in  order  to  realize  the  full  benefits  of  a blowing  system  for  ^proving 
lift,  stall-control  devices  must  be  used  to  prevent  early  stalling  over 
the  critically  affected  portion  of  the  wing. 

By  deflecting  the  aileron  in  combination  with  the  0.4Tb/2  ^l^p,  a 
continuous  flap  span  of  0.70b/2  could  be  obta^ed.  A ^ 

relative  effectiveness  of  the  two  different  flap  arra^eraents  with  blowing 
can  be  made  either  on  the  basis  of  eciual  Cq  or  equal  air  quantity  Q. 

When  compared  on  the  basis  of  equal  Cq,  laJ^ger 

for  the  larger  flap  span  than  for  the  smaller  flap  span  for  the  ra^e 
of  Jq  Sfed  (fig.  2D)  . It  should  be  noted  that,  on  the  basis  of  equal 

compressor  air  quantities,  values  of  Cq  of  approximately  0.05  = 0.35) 

and  O.OI4  (c^  = 0.61)  for  the  flap-deflected  configuration  correspond  to 

values  of  Cq  of  about  0.02  (C^  = 0.2l)  and  O.03  (c^  = 0.46),  respec- 
tively, for  the  configuration  with  the  flap  plus  aileron  deflected. 
SSectiS  tS  aileron,  then,  reduced  the  quantity  being  ejected  over  the 
flap  and^robably  reduced  the  local  circulation  on  the  flapped 
of  the  wing.  However,  the  increased  lift  on  the  outboard  part  of  J^be  wing 
cLtainii^the  aileron  was  such  that  at  low  and  moderate  ^les  °f 
the  overall  wing  lift  was  greater  than  that  obtained 

air  flow  over  the  flap  alone.  A comparison  of  figures  11  and  “created 
ures  20  and  21  indicates  that,  for  a given  air  flow,  was  increased 

about  20  percent  to  30  percent  by  deflecting  the  aileron, 
of  attack  of  about  7°,  the  wing  lift-curve  slope  for  the  0 
configuration  was  reduced  as  compared  to  the  case  of  blowing  over  the 
0.47bt2  flap.  This  difference  appears  to  be  a res^t  °f  ^ more  rapid 

reduction  in  flap  load  at  the  moderate  angles  of  attack  ^32o£nt 

flap  configuration  due  to  its  lower  Cq  (see  section  on  Pitching-Moment 

Characteristics") . The  rougher  flow  obtained  at  the  hi^er  ^les  of 
Stack  over  the  deflected  flap  and  aileron  for  the  O‘JOb/2  flap  ^ra^e- 
ment,  as  compared  to  the  0.47b/2  flap  configuration,  is  evident  In  fig- 
vire  13.  The  net  result,  then,  was  that  deflecting  the  aileron  bo  53  ? 
SthoS  increasing  Q,  and  employing  it  as  a high-lift  device  produced 

only  a small  increase  in 
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Pitching-Moment  Characteristics 

The  p£»rticular  combination  of  sweep,  aspect  ratio,  ajid  airfoil  thick- 
ness of  the  wing  used  in  this  investigation  resulted  in  a severe 
longitudinal -stability  problem.  Blowing  increased  the  magnitude  of  the 
lift  coefficient  at  which  the  initial  mstable  pitching-moment  break 
occurred  but  also  tended  to  increase  the  severity  of  this  instability. 

In  general,  longitudinal  Instability  occurs  at  a lift  coefficient  about  0.2 
to  0.3  less  than  Note,  for  example,  the  results  presented  in 

figure  11  for  the  O.k'Jh/2  flap  deflected  55°^  slat  and  fences  installed. 

For  values  of  Cq  of  0.022,  0.029,  and  0.0^2,  an  unstable  pitching- 

moment  break  occurs  at  values  of  of  I.05,  l.l4,  and  1.34,  respec- 

tively. For  their  respective  flow  coefficients,  these  lift  coefficients 
correspond  to  a wing  angle  of  attack  of  about  7°  • Part  of  this  instabil- 
ity is  associated  with  vinloading  of  the  flap  at  the  higher  lift  coeffi- 
cients. Figure  15(b)  indicates  a large  reduction  in  flap  normal-force 
coefficient  at  the  higher  lift  coefficients  for  the  Cq  « 0 .03  flow 

condition. 

In  view  of  some  previous  Investigations  on  swept  wings  (for  example, 
ref.  10)  it  is  probable  that,  once  \mseparated  flow  over  the  flap  has 
been  established,  further  improvements,  and  possibly  alleviation,  of  the 
wing  pitch-up  near  could  have  been  obtained  by  a more  extensive 

exploration  of  a combination  of  leading-edge  devices  and  trailing-edge 
flaps.  The  major  effort  of  this  initial  investigation,  however,  was 
directed  toward  determining  the  general  influence  of  a bo\mdary- layer- 
control  system  of  the  type  proposed  herein  on  the  lift  of  the  wing. 

The  pitching-moment  data  of  figures  'J,  11,  and  12  show  that  a posi- 
tive trim  shift  results  from  increased  blowing  effort;  this  result  is 
contrary  to  the  negative  trim  shift  expected  for  a progressive  increase 
in  flap  loading.  The  unpublished  results  obtained  for  a wing  having  the 
same  leading-edge  sweep,  but  of  a somewhat  lower  aspect  ratio  (3*2), 
showed  a similar  effect  due  to  nonadherence  of  the  blowing  jet  stream  to 
the  upper  s\irface  of  the  flap.  In  the  case  of  this  lower  aspect  ratio 
wing,  employing  a guide  vane  in  the  blowing  slot  to  redirect  the  Jet 
stream,  and  thus  improving  the  Jet-stream  adherence  to  the  flap,  produced 
an  additional  trim  shift  of  -O.O8  as  compared  to  the  case  of  poor  Jet- 
stream adherence.  It  is  surmised,  then,  that  for  the  subject  wing  of 
the  present  investigation,  nonaxiherence  of  the  flow  over  the  flap  probably 
occvirred  at  values  of  Cq  above  about  0.03  for  the  Bf  = 53°  configxjra- 

tion  (see  fig.  7)  and  at  values  of  Cq  of  about  0.02  for  the  Bf  =*  6o° 

condition  (see  fig.  5)*  Althovi^^  this  lack  of  flow  adherence  appears  to 
have  markedly  reduced  the  flap  loading  for  the  condition  where  Bf  = 53° 

and  Cq  w 0.03#  as  evidenced  by  the  stability  result,  it  does  not  seem 
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to  have  been  severe  enough  to  induce  separation  over  the  flap  (see  flow 
studies  in  fig.  IJ  and  flap  section  pressure  distribution  in  fig.  l4) ; 
this  suggests  that  the  section  chordwise  center  of  pressure  or  the  span 
loading  itself  was  also  critically  sensitive  to  this  particular  flap 
system  under  the  Influence  of  a blowing  Jet. 

Comparison  with  a conventional  high-lift  flap.-  Reference  11  reports 
the  results  of  tests  conducted  with  the  same  wing  used  for  this  investi- 
gation but  employing  a Fowler  type  flap  having  the  same  span  as  the  plain 
flap  tested  herein.  Altho\agh  it  is  recognized  that  both  the  Fowler  flap 
arrangements  of  reference  11  and  the  blowing  configuration  investigated 
herein  may  not  represent  "optimum"  arrangements,  it  is  believed  that  a 
comparison  of  the  results  of  these  two  investigations  will  be  indicative 
of  the  gains  to  be  realized  on  a wing  of  large  leeiding-edge  sweep. 

In  Judging  the  comparative  effectiveness  of  these  two  flap  systems, 
it  should  be  stated  that  the  Fowler  flap  had  a chord  of  0.20c'  as  compared 
to  0.266c'  for  the  flap  configuration  herein.  With  a 0.50b/2  slat 
installed  and  fences  located  at  0.60b/2  and  0.80b/2,  the  Fowler  flap 
produced  lift  increments  ^Cijg_Q  and  of  0.42  and  0.24,  respec- 

tively, at  a deflection  of  45°  as  coispared  with  0.75  and  0.42,  respec- 
tively, for  the  blowing  flap  at  6f  = 53°  and  Cq  = O.O29. 

From  the  stability  standpoint,  the  negative  trim  shifts  obtained 
with  some  of  the  blowing  configurations  (see,  for  example,  fig.  12)  were 
of  the  same  order  or  less  than  those  produced  by  the  Fowler  flap. 

Investigations  of  various  slotted  flap  arrangements  on  highly  swept 
wings  (such  as  those  discussed  in  ref.  12)  have  shown  the  highest  effec- 
tive flap  deflection  angle  to  be  about  45°.  However,  as  demonstrated  in 
this  Investigation,  a flap  system  utilizing  some  mechanical  means  of 
bomdary- layer  control  makes  it  possible  to  employ  effectively  greater 
flap  deflections - 


Flap  Pressure  Distribution 

Typical  results  of  the  pressure-distribution  tests  that  were  made 
at  a single  station  located  at  the  midspan  of  the  flap  are  presented  in 
figure  l4.  At  an  angle  of  attack  of  15*2°,  without  blowing,  the  flap 
was  stalled,  but  with  blowing  at  Cq  0 .oj  the  flap  was  not  stalled . 

The  flap  section  chord-force  coefficient,  normal-force  coefficient,  chord- 
wise  center-of-pressure  location,  and  hinge-moment  coefficient  are  shown 
in  figure  I5  as  a function  of  Cx,.  Without  blowing,  increasing  the  flap 

deflection  from  30°  to  53°  increased  the  normal-force  coefficient,  moved 
the  chordwise  center-of-pressure  rearward,  and  increased  tbe  hinge-moment 
coefficient  but  had  little  effect  on  the  chord-force  coefficient.  With 
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blowing  at  Cq  »»  0.05  the  chord-force  coefficient  was  increased  in  the 

thrust  direction,  the  normal-force  coefficient  was  increased,  the  chord- 
wise  center  of  pressure  was  shifted  forward,  and  the  hinge-moment  coef- 
ficient was  increased.  With  blowing,  increasing  the  flap  deflection 
from  50°  to  55°  had  a larger  effect  on  the  chord-force  coefficient  than 
occurred  in  the  case  without  blowing. 


Rolling-Moment  Characteristics 

All  aileron  tests  were  made  with  a 0.5b/2  slat  installed  and  fences 
located  at  0.6b/2  and  0.8b/2  spanwise  stations  and  only  positive  deflec- 
tions of  the  aileron.  The  results  of  the  aileron  tests,  with  and  with- 
out blowing,  are  presented  in  figures  16  and  I7.  Except  as  noted  in 
figure  17(b),  the  rolling  moments  presented  herein  represent  those  for 
a full-span  configuration  where  the  right  aileron  is  neutral  (ba  = 0°) 

and  the  left  aileron  is  at  the  given  bg,. 


With  the  flap  deflected  53°  with  blowing  over  the  flap  and 
aileron,  a series  of  tests  were  conducted  to  determine  the  C^  produced 

for  a left-aileron  deflection  of  25°  to  55°*  The  rolling  moment  for 
this  configuration  is  shown  by  the  data  of  figure  17(a) • Figure  17(t) 
compares  the  rolling  moment  obtained  with  blowing  for  a differential 
aileron  deflection  of  10°  (right  aileron  deflected  25°  and  the  left 
aileron  deflected  35°)  with  the  rolling  moment  obtained  without  blowing 
for  a left-aileron  deflection  of  10°  with  the  flap  neutral  and  deflec- 
ted 55° • The  superiority  of  the  arrangement  with  blowing  s quite  marked. 


The  res\xlts  presented  in  figures  16  and  I7  have  been  cross-plotted 
and  presented  in  figure  I8  to  show  more  clearly  the  aileron  effective- 
ness obtained  between  angles  of  attack  of  0°  to  20°.  The  aileron  effec- 


tiveness 


represents  the  average  effectiveness  for  the  aileron 


deflection  range  tested.  In  general,  for  aileron  deflections  of  0°  to  15° j 
the  aileron  effectiveness,  without  blowing  and  with  the  flap  neutral,  is 
about  80  percent  of  the  theoretical  effectiveness  estimated  by  the  method 
of  reference  13.  Blowing  over  the  aileron  at  Cq  = 0.020  with  the  flap 

neutral  Just  about  doubled  the  aileron  effectiveness.  Up  to  an  angle  of 
attack  of  about  15°,  the  aileron  effectiveness  was  about  equal  to  that 
predicted  by  the  theory  of  reference  I5  for  aileron  deflections  between 
25°  and  55°  with  b^  = 55°  and  blowing  over  the  aileron  and  flap  at  a 

Cq  = 0.022. 
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SUMMARY  OF  RESULTS 


An  investigation  has  been  conducted  to  determine  the  influence  on 
the  lift  effectiveness  of  a trailing-edge  flap  of  blowing  a high-energy 
stream  of  air  over  the  upper  surface  of  the  flap.  Included  in  the  inves- 
tigation were  measurements  of  the  chordwise  pressure  distribution  at  one 
representative  station  on  the  flap  and  the  effect  on  the  aileron  effec- 
tiveness of  blowing  air  over  the  aileron.  The  more  pertinent  results 
may  be  summarized  as  follows; 

1.  With  a slat  and  fences  installed  and  a 47-percent-semispan  flap 
deflected  55°^  the  maximum  increments  in  lift  coefficient  obtained  at  0° 
angle  of  attack  and  at  maximimi  lift  were  0.94  and  O.63,  respectively, 
with  blowing  as  con^jared  to  0.39  and  0.12,  respectively,  without  blowing. 
For  a 70 -percent- semi  span  flap  deflected  these  increments  were  l.l4 
and  0.68,  respectively,  with  blowing  as  con5>ared  to  0.46  and  O.I6, 
respectively,  without  blowing.  Althovigh  no  conclusive  evidence  was 
obtained  in  this  exploratory  investigation,  it  is  believed  that  these 
increments  in  lift  coefficient  were  not  larger  because  the  blowing  air 
did  not  adhere  well  to  the  upper  surface  of  the  flap. 

2.  For  blowing  over  a 47-percent -semispan  flap  deflected  53°> 
installation  of  a slat  alleviated  the  early  stalling  tendencies  of  the 
outboard  sections  and  produced  an  increment  in  the  maximum  lift  coeffi- 
cient of  0.63  as  con^jared  to  0.43  without  a slat  installed. 

3.  With  blowing,  at  a flow  coefficient  of  0.022,  over  a 47-percent- 
semispan  flap  deflected  53°  and  a 23-percent-semlspan  aileron,  the  aileron 
effectiveness  obtained  throiigh  an  aileron  deflection  range  of  25°  to  53° 
was  about  equal,  up  to  an  angle  of  attack  of  about  15°  > to  the  aileron 
effectiveness  predicted  by  theory.  The  aileron  effectiveness  obtained 
with  blowirg  was  a considerable  improvement  over  the  aileron  effective- 
ness obtained  without  blowing  for  the  same  flap  configuration. 

4.  Blowing  air  over  the  trailing-edge  flap  caused  the  flap  chord 
force  to  become  more  negative,  the  flap  normal  force  to  increase,  the 
flap  chordwise  center  of  pressure  to  move  forward,  and  the  flap  hinge 
moment  to  increase. 


Langley  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va.,  February  I7,  1954. 
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TABLE  I 

INDEX  OF  TEST  CX)NDITIONS  AND  CONFIGURATIONS 


R 
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b/2 

Cq 

Data 

presented 

Figure 

6.1  X 106 

0 

30 

45 

53 

60 

1 

Off 

Off 

0 

Cl 

Cd 

Cm 

Xcp^ 

igalnst  a 
> against  Cl 

1 

6.1 

30 

45 

53 

60 

0 

Off 

Off 

.02 

Cl 

Cd  ^ 

Cjn 

yep 

against  a 
> against  Cl 

5 

6.1 

6.1 

2.9 

45 

1 

Off 

Off 

0 

.020 

.030 

.045 

Cl 

Cd  ' 
Cm 

yep^ 

against  a 
> against  Cx, 

6 

53 

0 

Off 

Off 

0 

0 

.020 

.030 

Cl 

Cd 

yep 

against  a 
> against  Cj, 

7 

4.4 

53 

0 

Off 

.5 

Off 
.6,  .8 

0 

Cl 

Cd  1 

Qm 

yep^ 

against  a 
> against  Cl 

8 

4.4 

53 

0 

■ 

Off 

.6,  .8 

•03 

Cl 

Cd 

Cm 

yep  ^ 

against  a 
> against  Cl 

9 

4.4 

30 

53 

0 

.5 

.6 

.03 

Cl 

Cd 

Cm 

yep  j 

against  a 
> against  Cl 

10 

4.4 

2.9 

4.4 

4.4 

2.9 

53 

0 

.5 

.6,  .8 

0 

0 

.022 

.029 

.042 

Cl 

Cd  ' 

Cm 

yep 

against  a 
> against  Cl 

11 

CCMFlimnAL 


NACA  RM  L54C05 


CONFIDENTIAL 


19 


TABLE  I.-  Concluded. 

INDEX  OP  TEST  CONDITIONS  AND  CONFIGURATIONS 
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0 
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15 
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53 
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•5 
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53 

30 

•5 

.6,  .8 
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53 

35 

.5 

.6,. 8 
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53 

40 

.5 

.6,  .8 
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4.4 

53 

45 

•5 

.6,  .b 
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17(a) 

53 

53 

.5 
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0 

10 

.5 
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0 
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53 

10 

.5 

.6,. 8 

0 
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53 
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.5 

.6,. 8 

.022 

17(b) 
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Figure  15.-  Flow  studies  with  and  without  blowing  over  the  trailing-edge 
flaps.  0.5b/2  slatj  0.6b/2  and  0.8b/2  fences;  R = X 10^. 
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Figure  15.-  The  effect  of  blowing  air  over  the  flap,  of  flap  deflection 
and  of  a slat  and  fences  on  flap  section  coefficients.  63,  " 

R = 4.4  X 10^. 
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Figure  I5.-  Concluded. 
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Figure  l6.-  Effect  on  the  rolling-moment  coefficient  of  the  semispan 
49.1°  sweptback  wing  of  angle  of  attack,  aileron  deflection,  and 
5^.  = 0°j  0.5b/2  slatj  0.6b/2  and  0.8b/2  fences;  R = 4.4  X 10  . 
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(a)  Effect  of  aileron  deflection.  6f  = Cq  **  0.02 

Cq  Sx.deg  So,deg 


(b)  Effect  of  flap  deflection  and  Cq. 

Figure  I7.-  Effect  on  the  rolling-moment  coefficient  of  the  semispan 
14-9.1°  sweptback  wing  of  angle  of  attack,  aileron  deflection,  flap 
deflection,  and  Cq.  0.5b/2  slat;  0.6b/2  and  0.8b/2  fences; 

R = 1J..4  X 10^.  Blowing  over  the  flap  and  aileron. 
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Figure  21.-  Summary  of  the  effect  on  and  momentum 

coefficient,  flap  deflection,  aileron  deflection,  and  a slat  and  fencea 
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